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Abstract. The KASCADE and KASCADE-Grande experiments operated in KIT-Campus North, Karlsruhe
(Germany) from 1993 to 2012. The two experiments studied primary cosmic rays in the energy range from 1014
eV to 1018 eV, investigating the change of slope of the spectrum detected at 2 − 4 × 1015 eV, the so called knee.
We briefly review the performance of the experiments and then the main results obtained in the operation of
both experiments: the test of hadronic interaction models, the all particle primary spectrum, the elemental
composition of primary cosmic rays (with the first claim of a knee-like feature of the heavy primaries spectrum)
and the search for large scale anisotropies.
1 Introduction
In this contribution we will briefly review the major re-
sults of the KASCADE [1] and KASCADE-Grande [2]
experiments. The two experiments were located at the
KIT-Campus North, Karlsruhe (Germany) 49.1◦N, 8.4◦E,
110 m a.s.l., the data taking started in 1993 (only KAS-
CADE), then was extended to KASCADE-Grande in 2003
and ended in late 2012.
The project started with the KASCADE experiment
to study primary cosmic rays in the 1014-1016 eV energy
range, then was extended to KASCADE-Grande to cover
the 1016-1018 eV interval. Both arrays were high resolu-
tion multi component Extensive Air Shower (EAS) detec-
tors. This feature allowed to perform data analysis intro-
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ducing, in the high energy cosmic ray field, the passage
from the use of the moments of the EAS parameters distri-
butions to the use of the shapes of these distributions.
In parallel to the construction of the experiments at the
KIT laboratories the CORSIKA [3] EAS simulation code
was developed; the performance of this code including dif-
ferent high and low energy hadronic interaction models
also played a very important role in the development of
the data analysis. CORSIKA is nowadays recognized by
the international community as the reference code for EAS
simulations.
The KASCADE complex was also devoted to the
test and development of new EAS detection techniques,
among the others we want to mention: LOPES [4] a ra-
dio antenna field measuring signals generated in the EAS
development in the 40-80 MHz band and the microwave
experiment CROME [5].
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The data of the two experiments are now stored, and
are available to the public via a customized web page, in
the KCDC (KASCADE Cosmic-ray Data Center) [6].
In this paper we will briefly review the main character-
istics of both experiments and then we will summarize the
main results achieved.
In this conference proceedings the latest KASCADE-
Grande results can be found in the contribution by Kang et
al. [7] and by Arteaga et al. [8].
2 The experiments
2.1 KASCADE
A schematic layout of the KASCADE experiment is
shown in figure 1. The three main components can be
briefly summarized in:
• A scintillator array comprising 252 detector stations of
electron and muon counters arranged on a grid of 200 ×
200 m2 and providing in total about 500 m2 of e-γ and
620 m2 of µ detector coverage. The detection thresholds
for vertical incidence are Ee > 5 MeV and Eµ > 230
MeV.
• A central detector system (320 m2) consisting of a
highly-segmented hadronic calorimeter read out by
44,000 channels of warm liquid ionization chambers
distributed over 9 read-out layers, another set of scintil-
lation counters above the shielding (top cluster), a trig-
ger plane of scintillation counters in the third iron gap
and, at the very bottom, 2 layers of positional sensitive
MWPC’s, and a streamer tube layer with pad read-out
for investigation of the muon component at Eµ > 2.4
GeV.
• A 48 × 5.4 m2 tunnel housing three horizontal and two
vertical layers of positional sensitive limited streamer
Eµ > 0.8 GeV.
A complete description of the experiment and of its
performance can be found in [1]. Here we briefly remem-
ber that the array determines, for each event: the shower
geometry (core position and arrival direction), the shower
size (Ne, total number of electrons at observation level)
and the truncated muon number (Ntrµ , muon number be-
tween 40 and 200 m from the shower core).
The KASCADE reconstruction accuracy has been
calculated analyzing simulated events. The precision
achieved are: core position σr < 5 m, arrival direction
σΦ < 0.5◦, shower size σNe < 5% for LgNe > 4.5
(see figure 2), truncated muon number σNtrµ < 5% for
LgNtrµ > 4. The total energy deposited by hadrons in the
central calorimeter was sampled with an error lower than
15%.
2.2 KASCADE-Grande
The KASCADE experiment was then extended installing,
on a 0.5 km2 area, over an irregular triangular grid with
an average spacing of 137 m, an array, named Grande: 37
plastic detector stations of 10 m2 active area each. The
experiment layout is shown in figure 3.
Figure 1. Schematic layout of the KASCADE experiment.
Figure 2. Average difference (systematic error) and rms-width
(statistical accuracy) of reconstructed LgNe versus the particle
number for simulated showers. Filled symbols refer to results
obtained from showers simulated for H primary particles, while
open symbols to Fe primaries.
Grande provided the measurement of the shower ge-
ometry and of the total number of charged particles (Nch),
the number of muons (Nµ) was sampled by the previously
discussed KASCADE µ detectors.
The full description of the experiment and of the event
reconstruction can be found in [2]. The Grande array
precision has been studied comparing the reconstruction
of the EAS parameters independently obtained, for real
events, by the KASCADE and Grande arrays. The ob-
tained accuracies are: < 10 m on the core position, ∼ 1◦
on the arrival direction and ∼ 10%, above the 100% detec-
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Figure 3. Layout of the KASCADE-Grande experiment.
tion efficiency, on Nch (with a systematic difference from
KASCADE lower than 5%). The muon number Nµ was
determined with a < 20% error.
3 Main Results
3.1 Test of Hadronic Interaction Models
Since the beginning of the KASCADE operation great at-
tention was devoted to a careful check of the hadronic
interaction models used in the CORSIKA simulation.
This was pursued studying the correlations between the
main observables of the central detector (number of
hadrons, hadronic energy sum) and of the KASCADE ar-
ray (shower size, truncated muon number) [9, 10]. We can
summarize the results saying that no model gave a com-
plete description of the data. These results were then used
to tune the hadronic interaction models (we must keep in
mind that all these analyses were performed before the be-
ginning of the LHC operation).
3.2 All particle spectrum
A composition independent all-particle energy spectrum
of cosmic rays was reconstructed in the energy range of
1016 eV to 1018 eV from the Grande data within a total
uncertainty in flux of 10 − 15% [11]. The spectrum is,
in the overlapping region, in agreement with the earlier
published spectrum by KASCADE [12].
Significant structures are observed in the spectrum, be-
side the well known one at a few times 1015 eV, i.e. the so
called "knee", there is also clear evidence that just above
1016 eV the spectrum shows a significant ‘concave’ be-
havior. Another feature in the spectrum is a small break,
i.e. knee-like feature, at around 1017 eV. The latter slope
Figure 4. Spectra measured, in terms of the muon density at
∼ 45 m from the shower core, for the electron-rich and electron-
poor event sample. The all particle spectrum is also shown as
reference.
change occurs at an energy where the rigidity dependent,
i.e. charge dependent, knee of the iron component would
be expected, if the ‘knee’ is caused by light primaries.
3.3 Elemental composition of cosmic rays
Already in 2005 KASCADE could prove [12] that the knee
is caused by a decrease of the light mass group of primary
particles and not by medium and heavy primary particles.
This result has been obtained unfolding the spectra of five
different primaries (H, He, C, Si, Fe) from the measured
bi-dimensional spectrum (LgNe vs LgNtrµ ). It was shown
that the details of this result depend on the hadronic inter-
action model used in the EAS simulation [12, 13], but that
the general trend of spectra showing the change of slope at
an energy increasing with the charge (mass) of the primary
particle holds independently from the hadronic interaction
model.
An alternative analysis, separating events in the "elec-
tron rich" (i.e. light primaries) and "electron poor" (i.e.
heavy primaries) samples, was introduced by the KAS-
CADE collaboration [14]. The event separation was based
on the ratio between the muon and electron numbers con-
verted, using the constant intensity cut technique, at a ref-
erence atmospheric depth (i.e zenith angle). Even if this
technique is less powerful than the previously discussed
unfolding, its results have a much smaller dependence on
the hadronic interaction model used in the EAS simula-
tion. Separating the events according to the value of this
ratio, the spectrum of the two event sample can be mea-
sured. In figure 4 the spectrum is shown in terms of the
measured muon density (ρ∗µ) at fixed core distance r ∼ 45
m. The muon density is obtained dividing the number of
tracked muons (Eµ > 2.4 GeV) by the total sensitive area.
Only the spectrum of the "electron rich" sample shows the
change of slope: confirming that the knee of the primary
spectrum has to be ascribed to the light primary compo-
nent.
With KASCADE-Grande we investigated such indi-
vidual mass group spectra also at higher primary energies
[15, 16]. All the simulations for the described analyses
are performed with the CORSIKA EAS simulation code
with various hadronic interaction models. The application
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Figure 5. Reconstructed energy spectrum of the electron-poor
and electron-rich components together with the all-particle spec-
trum for the angular range 0◦ − 40◦. The error bars show the
statistical uncertainties; the bands assign systematic uncertain-
ties due to the selection of the subsamples. Fits on the spectra
and resulting slopes are also indicated.
of this methodical approach to shower selection and sepa-
ration in various mass groups were performed and cross-
checked in different ways. The reconstructed spectrum of
the electron-poor events, i.e. the spectrum of heavy pri-
maries, shows a distinct knee-like feature at about 8×1016
eV with a statistical significance of 3.5σ [15] (see figure
5). The analysis was repeated on the basis of different
hadronic interaction models [17]. Despite the fact, that
the relative abundance of the heavy particles varies signif-
icantly dependent on the model in use, the spectral feature
of this "heavy" knee is visible in all the spectra. This fits
to a rapidity dependent knee scenario with the results of
KASCADE, where a reduction of the light component be-
yond the first knee was observed. In addition, an ankle-like
feature was observed in the spectrum of the electron-rich
events, i.e. light elements of the primary cosmic rays, at an
energy of 1017.08±0.08 eV [16] (see figure 6). At this energy,
the spectral index changes by ∆γ = 0.46 with a statistical
significance of 5.8σ.
3.4 Large scale anisotropies
A search for large scale anisotropies has been performed,
in different energy ranges, with both experiments. None of
them gave positive results, therefore upper limits were de-
rived. Those obtained by the former array KASCADE in
the 700 − 6000 TeV energy range were published in 2004
[18] and were afterward overtaken by the positive detec-
tion, in the same energy range, of a large scale anisotropy
by larger experiments, like Ice-Top [19].
The KASCADE-Grande data were analyzed follow-
ing the East-West method [20] searching for a dipole large
scale anisotropy in the 1015 − 1017 eV energy range. The
event statistics accumulated during the whole KASCADE-
Grande data taking was not sufficient to reach a positive
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Figure 6. The reconstructed energy spectrum of the light mass
component of cosmic rays. The number of events per energy bin
is indicated as well as the range of systematic uncertainty. The
error bars show the statistical uncertainties.
Table 1. First harmonic amplitude and phase in different
intervals of Nch (number of charged particles at observation
level).
Lg(Nch) Median A × 10−2 Phase
Energy (eV) (deg)
5.2 − 5.6 2.7 × 1015 0.26 ± 0.10 225 ± 22
5.6 − 6.4 6.1 × 1015 0.29 ± 0.16 227 ± 30
≥ 6.4 3.3 × 1016 1.2 ± 0.9 254 ± 42
detection, and also in this case we could only derive up-
per limits [21]. Up to now these results are the only ones
available in this energy range and the phase of the dipole
derived, with large errors, in different energy intervals con-
firm the phase flip observed at energies above 1014 eV by
various experiments[19, 22, 23]. The KASCADE-Grande
results are reported in table 1.
4 Conclusions
In this report we have summarized the main results ob-
tained by the KASCADE and KASCADE-Grande experi-
ments. A great relevance in the development of the analy-
sis techniques that brought to all these results is due to the
CORSIKA EAS simulation. In this sense the first results
were concentrated on the test of the hadronic interaction
models used in CORSIKA.
The KASCADE and KASCADE-Grande results indi-
cate that the knee of the primary spectrum is due to light
primaries and that heavier elements show a similar spec-
tral feature at higher energy (scaling approximately with
the charge of the primary particle). These results favor the
models explaining the knee as the end of the containment
of primary particles inside magnetic fields.
References
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